Complexes bearing electron rich transition metal centers, especially those displaying coordinative unsaturation, are well-suited to form reverse-dative s-interactions with Lewis acids. Herein we demonstrate the generality of zerovalent, group 10 m-terphenyl isocyanide complexes to form reverse-dative s-interactions to Tl(I) and Ag(I) centers. Structural and spectroscopic investigations of these metal-only Lewis pairs (MOLPs) has allowed insight into the electronic consequences of Lewis-acid ligation within the primary coordination sphere of a transition metal center. Treatment of the bis-isocyanide complex, Pt(CNAr
shown that the spectroscopic oxidation states of the group 10 metal in 5 and 6 are essentially unchanged compared to the zerovalent precursors M(CNAr
Introduction
On account of their relatively electropositive nature and ability to act as formal acceptors toward Lewis bases, the transition metals in coordination complexes are traditionally viewed as Lewis acids. Classical "Werner-type" complexes utilize their empty nd, as well as (n + 1)s and (n + 1)p, orbitals to form dative bonds with electron-donor ligands. In the case of highly reduced and electron-rich complexes, the transition metal center may also be capable of exhibiting Lewis basic behavior.
1
Although this phenomenon was initially invoked for the case of carbonyl metallates acting as Brønsted bases, [2] [3] [4] it is now recognized as a central tenet of transition-metal bonding to pacidic ligands [5] [6] [7] as well as an essential component of many oxidative addition mechanisms. [8] [9] [10] [11] [12] More recently, the extension of this concept to the binding of various main-group acceptor fragments (Z-type ligands) 13 in a s-fashion by electron-rich transition metals has been realized, and the study of such complexes continues to be of intense interest.
interactions to another metal center. Judicious ligand design strategies that constrain an electron-rich metal center in close proximity to a coordinatively unsaturated metal fragment has proven to be a reliable approach for engendering metal-metal dative bonding. [28] [29] [30] [31] [32] [33] [34] Furthermore, in certain instances, unsupported metal-only Lewis pairs (MOLPs), which do not rely on a ligand buttress, can be generated. 2, [35] [36] [37] [38] [39] The formation of such unsupported metal-metal interactions, while sometimes labile in solution, offers an interesting approach toward tuning the reactivity proles of low-valent complexes, as the addition of metallic Lewis acids has been shown to enhance the rates of certain catalytic processes.
40-43
While synthetic methods leading to MOLPs and their structural chemistry has advanced, a detailed understanding of how the presence of a metal-metal dative bond affects the electronic properties of the constituent fragments remains of signicant interest. It is generally accepted that protonation of a transition metal complex is best viewed as involving a two-electron oxidation of the metal center to give a hydride ligand. 44 As the electrons involved in the M-H bond have necessarily come from the metal, an increase of its valence by two units is required. 45 In the case of other main group Lewis acids (e.g. boranes), the degree of charge transfer is oen not as clear. As such, the adoption and assignment of formalisms to adequately describe the electronic structure of such adducts has been a point of debate in the community. 46, 47 Similar ambiguities in the electronic structures of MOLPs exist, although considerably less effort has been put toward uncovering satisfactory electronic descriptors for such compounds. 39 Despite the fact that X-ray Absorption Near-Edge Spectroscopy (XANES) holds promise in this regard, 30, 34 its thus-far limited use in this capacity has not yet led to the development of general principles for properly describing the electronic structures of complexes containing metal-metal dative interactions.
Work from our research group has demonstrated the utility of encumbering m-terphenyl isocyanides in stabilizing low-valent and coordinatively unsaturated complexes of late transition metals. ) . 27 In addition, the response of the isocyanide n(C^N) IR bands to the electron density on the Lewis-basic metal center renders them a convenient spectroscopic reporter on the degree of formal charge transfer upon binding a s-acceptor fragment. 25 In this work, we demonstrate the ability of the two-coordinate complexes M(CNAr Dipp2 ) 2 (M ¼ Pt, Pd) 27,50 to form unsupported metal-metal linkages with Tl(I). Two Tl-containing MOLPs have also been examined by X-ray Absorption Near-Edge Spectroscopy (XANES), illustrating that the spectroscopic oxidation state of the group 10 metal is not affected by its interaction with Tl(I). We also show that the zero-valent platforms M(CNAr Dipp2 ) 2 It is shown that binding of one (compounds 5 and 6) and two (compound 7) equivalents of Ag(I) results in a sequential increase in the Lewis acidity of the group 10 metal center, thus illustrating how s-acceptor fragments can be used to rationally tune the properties of electron-rich transition metal complexes. observed previously.
Results and discussion
50 Surprisingly, bonds between electronrich, late transition metals (especially third-row metals) and Tl(I) have oen been rationalized largely based on metallophilic interactions. [58] [59] [60] [61] However, the FTIR spectra of 1 and 2 compared with those of M(CNAr Dipp2 ) 2 (M ¼ Pt, Pd) provide strong experimental evidence that late-metal-Tl(I) bonds likely contain a substantial dative-bonding component in a manner analogous to that seen for complexes bearing main-group Z-type ligands.
23-25
Although 2 ]OTf (1). We suggest that this observation is indicative of lability in the Pt-Tl interaction on the NMR timescale, resulting in a broadening of this resonance that obviates its detection at room temperature.
As the lability of unsupported M-Tl linkages has been observed to display a dependence on counteranion identity, 
60,64-67
Examination of the solid-state and solution-phase behaviour of 1-4 reveals that replacement of the triate anion with [BAr À has important ramications for the lability of the M / Tl linkage. In both solvates of 3 and 4, the M-Tl distance is signicantly contracted relative to 1 and 2 ( its Ni K-edge absorption spectrum (Fig. 7 ) displays a prominent pre-edge feature, which is likely the result of a 1s to isocyanide p* transition. The analogous absorption band for [TlNi(CNAr
Mes2
) 3 ]OTf occurs at an identical energy, again signalling that the formation of a reverse-dative M / Tl s-interaction does not result in signicant formal charge transfer from the group 10 metal.
The fact that neither Pd(CNAr Dipp2 ) 2 nor Ni(CNAr Mes2 ) 3 undergo signicant charge transfer via the formation of a reverse-dative s-interaction to Tl(I) suggests some important guidelines regarding the proper formalisms that should be used to describe such MOLPs. Although Tl(I) can exhibit Lewis basic properties under extraordinary conditions, 73 the stabilization of its 6s
2 "inert pair" due to relativistic effects 74 should render it a very weak 2e À donor. As such, the electrons involved in a covalent interaction between an electron-rich transition metal and Tl(I) center will most plausibly be supplied by the former, meaning that the valence count of the transition metal must necessarily increase by two units. 45 However, this interaction should not be described as effecting a two-unit increase in the formal oxidation state of the transition metal, as such an event would be readily apparent in the comparative XANES spectra of . However, performing the synthesis at reduced temperatures (ca. À100 C) allows for 6 to be precipitated from solution as a pale yellow powder in modest yields (Scheme 2). Crystallization of 5 or 6 from THF/(TMS) 2 
, where a molecule of THF is bound to the group 10 metal trans to the coordinated Ag center (Fig. 8) . The M-O THF distances in 5(THF) (2.366(5)Å) and 6(THF) (2.326(7)Å) are long relative to Pd and Pt etherate complexes reported in the Cambridge Structural Database, 77 thereby suggesting an attenuated interaction of THF with the group 10 metal center. Indeed, the 1 H NMR spectra obtained from crystalline 5(THF) and 6(THF) in C 6 D 6 show sharp peaks occurring at the expected chemical shi values for free THF. 78 Further, prolonged exposure of crystalline samples to vacuum ($100 mTorr) successfully liberates all THF as analyzed by 1 H NMR spectroscopy.
Subsequent recrystallization of these samples from Et 2 O/C 6 H 6 (5) or n-hexane/toluene (6) yields 5(C 6 H 6 ) and 6(C 7 H 8 ) (Fig. 9  and 10 ), which display h 1 -C arene interactions between the group 10 metal and arene solvent in the position trans to Ag (for 5, (3)). These interactions are notable given the likely intermediacy of transient p-complexes 79 in the C-H activation of arenes by electrophilic group 10 complexes.
80,81
The M-Ag bond lengths in both solvates of 5 and 6 are among the shortest reported in the Cambridge Structural Database (see Table 2 and ESI S1 †). As was seen for the M-Tl adducts above, the metal-metal interactions in 5 and 6 can be rationalized via M / Ag s-donation, a notion that is supported by the increase in isocyanide n(C^N) stretching frequencies relative to M(CNAr Dipp2 ) 2 (M ¼ Pt, Pd) upon coordination of Ag(I) (n(C^N) ¼ 2094 cm À1 (5); 2082 cm À1 (6) ). An examination of the solid state structures of 5 and 6 also implicates a role of the anking Dipp aryl rings in buttressing the M-Ag linkage through p-type interactions. Interestingly, these contacts are reected in the room temperature 1 H NMR spectra of 5 and 6
(measured in C 6 D 6 ), for which the resonances corresponding to the Dipp aryl protons are broadened and shied downeld by ca. 0.2 ppm relative to those typically observed for diamagnetic C 7 H 8 ) ). Triflate counterion has been omitted for clarity. Table 2 Selected bond distances (X-ray structure) of Ag-containing heterobimetallic complexes
Scheme 2
1.941(9)Å 2.6303(9)Å 5(C 6 H 6 )
1.916(4)Å 2.6463(5)Å 6(C 7 H 8 )
1.950(3)Å 2.6112(4)Å mononuclear complexes containing the CNAr Dipp2 ligand. It is also notable that the different solvates of both 5 and 6 display a square-planar coordination environment around the group 10 metal. While these geometries are certainly reminiscent of Pt(II) and Pd(II), it is critical to note that the progression of the IR n(C^N) stretching frequencies to higher energies upon binding of Ag(I) is quite modest and actually less than that seen for Tl(I). This observation serves to suggest that similar bonding descriptions laid out above for Tl-containing 1-4 can be extended to 5 and 6. While the use of electrons from the group 10 metal to form a covalent interaction with Ag requires an increase of two valence units, 45 minimal charge transfer to Ag occurs. As such, these M/Ag MOLPs should not be described as containing formal M(II) centers (M ¼ Pt, Pd).
Despite the fact that formation of a M-Ag bonding interaction does not result in a formal oxidative event at Pt/Pd, it is remarkable that the Ag-containing heterobimetallics 5 and 6 will bind THF and arene molecules at the group 10 metal center in the solid state, whereas the zero-valent precursors M(CNAr Dipp2 ) 2 3 Si) for which the crystal structure shows a molecule of toluene bound in the apical position trans to the silyl group. As silyl ligands can be viewed in certain systems as silylium Lewis acids, 84 the binding of an arene molecule may be a result of Pt-to-Si sdonation, thereby in effect enhancing the Lewis acidic nature of the Pt complex. In addition, similar phenomena have been observed by Gabbaï for a Hg(II) complex 85 and by Berry for a bimetallic Mo 2 system. 86 In these examples, association of a Ztype fragment was shown to increase Lewis acidity at the coordination site trans to the acceptor ligand. However, to our knowledge, the MOLPs derived from M(CNAr Dipp2 ) 2 
represent unique cases where Z-ligand-promoted Lewis acidity has been unambiguously observed for mononuclear transition metal complexes. Importantly, these observations highlight the ability of s-acceptor ligands to open up a previously unavailable coordination site on a transition metal center without effecting a formal oxidative event. Furthermore, the observation that the Ag-containing complexes 5 and 6 bind solvent molecules at the group 10 metal center, while the Tl-containing complexes 1 and 2 exhibit binding at the Tl center, is likely attributable to the greater electronegativity of Ag relative to Tl. 87 As stabilization of the empty p z orbital on the group 10 metal by a bound Lewis acid is expected to be marginal at best, Lewis acids possessing greater group electronegativity may be expected to more effectively stabilize this orbital and render it accessible to an exogenous Lewis base.
Although benzene molecules trans to one of the silver atoms as seen in 5(C 6 H 6 ). Interestingly however, the Pt-C benzene distance in 7 (d(Pt-C1) ¼ 2.529(7)Å) is signicantly contracted relative to that in 5(C 6 H 6 ), a further indication of an increase in the Lewis acidity in the Pt center in 7 promoted by the presence of a second Ag center. It is also important to note that relative to complex 5, the second Ag atom in 7 (i.e. Ag(2), Fig. 12 ) can best be described as occupying the axial position of a nominally square-planar Pt center. As the binding of Lewis acids to the axial position square planar Pt(II) centers is known, 88-92 complex 7 provides additional evidence that the presence of one Z-type ligand effectively results in the formation of a divalent Pt center 
Conclusions
Zero-valent binary m-terphenyl isocyanide complexes of Pt and Pd are excellent candidates for acting as the Lewis basic component of metal-only Lewis pairs (MOLPs). In addition to stabilizing low oxidation states, the steric encumbrance of the m-terphenyl isocyanide ligand promotes coordinative unsaturation, yielding electron-rich metal centers that can accommodate an exogenous Lewis acid in the primary coordination sphere. Furthermore, the IR n(C^N) resonances provide a convenient handle to assess the degree of group 10 metal sdonation in these complexes. In this work, it has been demonstrated that Pt(CNAr Dipp2 ) 2 and Pd(CNAr Dipp2 ) 2 can form discreet and unsupported adducts with Tl(I). Although these bonding interactions are not particularly robust, use of the weakly coordinating anion BAr À diminishes the lability of the M-Tl bond in non-coordinating solvents. Analysis of two M / Tl adducts by XANES spectroscopy provides compelling evidence that any degree of formal charge transfer inherent in these metal-metal interactions is minimal, and that therefore no formal oxidative event takes place upon binding of Tl(I). 24, 25 Such modulation can be thought of as a novel type of cooperative effect between a Lewis acid and Lewis base, whereby the former alters the reactivity prole of the electron rich metal without directly participating in the reaction with an incoming substrate. A more detailed understanding of the possibilities afforded by such cooperative effects is currently being pursued in our laboratory. 
